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Abstract
Atypical enteropathogenic Escherichia coli (EPEC) comprise an important group
of paediatric pathogens. Atypical EPEC have reservoirs in farm and domestic
animals where they can be either commensal or pathogenic; serogroup O26 is
dominant in humans and animals. Central to intestinal colonization by EPEC is
the translocation of the type III secretion system effector Tir into enterocytes,
which following phosphorylation (Tir-Yp) recruits Nck to activate the N-WASP
actin signalling cascade. The authors have recently shown that typical EPEC
strains, belonging to the EPEC-2 lineage, carry a tir gene encoding Tir-Yp and can
also use the alternative TccP2 actin-signalling cascade. The aim of this study was to
determine if tccP2 is found in atypical EPEC isolated from human and farm
animals. tccP2 was found at a frequency of 41% in non-O26 EPEC isolates and in
82.3% of the O26 strains. TccP2 of human and animal strains show high level of
sequence identity. It is shown that most strains carry a tir gene encoding Tir-Yp. In
addition the authors identified two new variants of tir genes in EPEC O104:H12
and NT:H19 strains.
Introduction
Enteropathogenic Escherichia coli (EPEC) is the main cause
of childhood diarrhoea in developing countries [reviewed in
Chen & Frankel(2005)], while in animals EPEC can be either
a commensal or a pathogen (Dobrindt et al., 2004). EPEC
strains are divided into typical and atypical (Kaper, 1996).
Typical EPEC are defined by a limited number of O:H
serotypes (Trabulsi et al., 2002), the presence of the locus of
enterocyte effacement (LEE) pathogenicity island (McDaniel
et al., 1995) and the EPEC adherence factor (EAF) plasmid
that carries the transcriptional regulator locus per (Mellies
et al., 1999) and encodes the type IV bundle-forming pilus
(BFP) (Giron et al., 1991). Atypical EPEC possess the LEE
region but lack the EAF plasmid (Kaper, 1996) and consist of
a large number of O serogroups (Trabulsi et al., 2002). Both
typical and atypical EPEC do not carry the stx genes
encoding Shiga toxins.
Typical EPEC are found infrequently in animals and are
isolated in decreasing numbers from humans (T.A. Gomes
et al., unpublished; Rodrigues et al., 2004). In contrast,
isolation of atypical EPEC from humans has increased in the
last few years (Rodrigues et al., 2004). Atypical EPEC are
frequently isolated from farm and domestic animals (Aktan
et al., 2004; Krause et al., 2005). Some atypical EPEC
serogroups (i.e. O26) are common to humans and animals
while the threat posed to humans by the majority of the
serogroups found in animals has not been assessed.
The hallmark of EPEC infection is the ability to colonize
the intestinal mucosa while producing attaching and effa-
cing (A/E) lesions. A/E lesions are characterized by efface-
ment of the brush border microvilli and intimate
attachment of the bacterium to the plasma membrane of
the enterocytes (Knutton et al., 1987). In addition, infected
cells produce elongated pedestal-like, actin-rich, structures
at the site of intimate bacterial adhesion (Frankel et al.,
2001).
The LEE region of EPEC appears to carry all the genes
that are necessary and sufficient for A/E lesion formation
and actin polymerization. Transferring the LEE of the
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typical EPEC strain E2348/69 (O127:H6) to a commensal
E. coli confers A/E lesion activity to the recipient strain
(McDaniel & Kaper, 1997). The LEE encodes transcriptional
regulators, the adhesin intimin (Jerse et al., 1990), a type III
secretion system (T3SS) (Jarvis et al., 1995), chaperones,
translocators and six effector proteins: Tir (translocated
intimin receptor) (Kenny et al., 1997), Map, EspF, EspG,
EspH and EspZ [known effector functions are reviewed in
Garmendia et al.(2005a)].
Following translocation into the eukaryotic cell, Tir is
integrated into the plasma membrane where it adopts a
hairpin loop topology (Hartland et al., 1999). Via its
extracellular central domain, Tir acts as a receptor for the
bacterial outer membrane protein intimin [reviewed in
Frankel et al.(2001)]. Simultaneously, via its intracellular
amino and carboxy termini, Tir interacts with several
cytoskeletal proteins, linking the extracellular bacterium to
the host cell cytoskeleton (Goosney et al., 2001). Actin
assembly by EPEC strain E2348/69 requires phosphorylation
of tyrosine Y474 of Tir (Kenny, 1999), which is present in
the context of the consensus binding site (YPDEP/D/V) for
the SH2 domain of the mammalian adaptor protein Nck
(Gruenheid et al., 2001; Campellone et al., 2002). In turn,
via its SH3 domain, Nck binds and activates the neuronal
Wiskott–Aldrich syndrome protein (N-WASP), triggering
actin polymerization via the actin-related protein 2/3 (Arp2/
3) complex [reviewed in Caron et al.(2006)]. In addition, an
alternative, Nck-independent, actin-remodelling pathway
involving Tir Y454 has been recently discovered (Campel-
lone & Leong, 2005). In contrast, Tir of the closely related
enterohaemorrhagic E. coli (EHEC) O157:H7, which also
colonize the host via A/E lesion formation, lacks a Y474
equivalent and is not tyrosine phosphorylated. Instead of
Nck, EHEC O157:H7 utilizes the T3SS effector protein TccP
(Tir-cytoskeleton coupling protein) (Garmendia et al.,
2004), also known as EspFU (Campellone et al., 2004),
which is carried on prophage CP-933U/Sp14. TccP binds
the GTPase binding domain of N-WASP (Campellone et al.,
2004; Garmendia et al., 2006) and mimics Nck in terms of
recruitment of N-WASP to the EHEC-induced actin pedes-
tal. TccP consists of a unique 80 amino acid N-terminal
region, [that is involved in protein translocation (Garmen-
dia et al., 2006)], and several almost identical 47-residue
proline-rich repeats (PRRs) (Campellone et al., 2004;
Garmendia et al., 2006).
Although originally found in EHEC O157:H7 (Campel-
lone et al., 2004; Garmendia et al., 2004), tccP was later
detected in a small proportion of typical and atypical EPEC
strains (Garmendia et al., 2005b). It has been shown by the
authors that the tccP-positive typical EPEC strains express
Tir, which undergoes tyrosine phosphorylation and can
simultaneously utilize both the Nck and TccP pathways
(Whale et al., 2006). EHEC O157:H7 strains Sakai
RIMD0509952 and EDL933 also contain a pseudo tccP gene
(ECs1126 and Z1385, respectively), which is carried on
prophage CP-933M/Sp4. A deletion of a single (T/A) base
pair at codon 28, introduces a translation frame shift and a
premature stop codon. However, the authors recently found
that b-glucuronidase-positive/sorbitol-fermenting strains of
EHEC O157 and the majority of non-O157 EHEC (sero-
types O111, O26 and O145) harbour an intact functional
ECs1126 gene (Ogura et al., 2007). To discriminate between
the tccP alleles, the authors named ECs1126 tccP2 (Ogura
et al., 2007). Functional studies revealed that tccP2 is
translocated by the LEE-encoded T3SS and that tccP2 and
tccP are functionally interchangeable (Ogura et al., 2007).
More recently, the authors have shown that while typical
EPEC strains belonging to lineage 1 carry neither tccP nor
tccP2, most EPEC lineage 2 strains are tccP2-positive (Whale
et al., 2007). The latter group of typical EPEC can trigger
actin polymerization using both Nck and TccP2-pathways.
The aim of this study was to investigate the presence of tccP2




The serogroups of bacterial strains used in this study are
listed in Tables 1 and 2.
PCR amplification
Conventional PCR was used to amplify tccP2 using a
forward, gene-specific, primer (tccP2-F: 50-ATGATAAA
TAGCATTAATTCTTT-30) and a universal tccP reverse pri-
mer (50-TCACGAGCGCTTAGATGTATTAAT-30). Forward,
gene specific, primers (tirY474-F: 50-CATATTTATGATGA
GGTCGCTC-30 and tirS478-F: 50-TCTGTTCAGAATAT
GGGGAATA-30) were used together with a conserved
reverse primer (tir-R: 50-TAAAAGTTCAGATCTTGATGA
CAT-30) to discriminate between tirY–P (encoding the EPEC
type, tyrosine-phosphorylated Tir) and tirS (encoding the
EHEC O157-type Tir) gene types.
Locus-specific sequencing
The tccP2 and tir genes and their 50- and 30-flanking regions
were amplified using a Blend taq PCR amplification Kit
(Toyobo Co., Ltd, Japan) and the PCR primer pairs tccP2-
SFb (50-GGTAGATTTCATGCAAACGG-30)/tccP2-SRb (50-
AATAACCGGTAACTGTCAGGTC-30) for tccP2 genes, and
tir-SF1 (50-TCGACTACGTGCTGTATACCAT-30)/escD-R1
(50-GTATCAACATCTCCCGCCCA-30, Lacher DW et al.,
2006) for tir genes. Direct sequencing of the PCR products
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tccP2 PCR (product size) –
number of PRRs Tir type
Gene length
sequencing (bp)
O13:H11 1 Human 1(900) 4 Y-P 894
O37 1 Ovine 1(1200)  6 S
O41:H 1 Human 1(600) 2 Y-P 612
O49 1 Ovine 1(600) 2 Y-P
O51:H 1 Human 1(1500)  8 Y-P 1458
O64 1 Ovine 1(900) 4 Y-P
O68 1 Ovine 1(750) 3 Y-P
O98:H8 1 Human 1(1200)  6 Y-P
O103 1 Ovine 1(1050)  5 Y-P 1035
O104:H12 1 Human 1(2000) NA (Y-Pw) 1934 (61211331,
IS not fully sequenced)
O109:H9 1 Human 1(1500)  6 Y-P 1458
O110 1 Ovine 1(750) 3 Y-P
O111:H11 1 Human 1(1200)  6 Y-P
O111:H47 1 Human 1(1200)  6 Y-P
O111:H19 1 Human 1(1050)  5 Y-P
O111:H19 1 Human 1(900) 4 Y-P 894
O115 1 Ovine 1(600) 2 Y-P 612
O117 1 Ovine 1(1200)  6 S
O132 1 Ovine 1(1200)  6 Y-P
O145 1 Ovine 1(1200)  6 S
O154:H9 1 Human 1(900) 4 Y-P 894
O156 1 Ovine 1(750) 3 Y-P
NT:H 5 Human 1(1200)  6 Y-P
NT:H 2 Human 1(1200)  6 S
NT:H11,21,34 1 Human 1(1200)  6 S
NT:H19 1 Human 1(1200)  6 NA (Sw) 1176
NT:H19 1 Human 1(1050)  3 Y-P 1035
NT:H40 1 Human 1(750) 3 Y-P 753
NT:NT 1 Human 1(1050)  5 Y-P
O2:H45 1 Human – Y-P
O2:NT 1 Human – Y-P
O3 1 Ovine – ND
O4:H1 1 Human – Y-P
O16:H 1 Human – S
O51:H40 5 Human – Y-P
O56 1 Ovine – ND
O63:H6 2 Human – S
O70:H2 1 Human – NA
O101:H33 1 Human – S
O104:H 1 Human – S
O108 1 Ovine – ND
O111:H9 1 Human – Y-P
O111:H25 1 Human – ND
O125:H6 7 Human – S
O154:H9 1 Human ND
O162:H 1 Human S
NTz (x1) 12 Human – Y-P
NTz (x2) 7 Human – S
NT 2 Human – NA
tccP2 was sequenced.
wtir was sequenced.
zalso tccP gene positive.
ND, not done; NA, not amplified.
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was carried out using the primers used for amplification and
an ABI PRISM 3100 automated sequencer. When necessary,
internal sequencing primers were used. All the tccP2 se-
quences determined have been submitted to the DDBJ/
GenBank/EMBL database under the following accession
numbers:
AB275113 (O51:H strain 1221-1); AB275114
(O41:H strain 0621-6); AB275115 (O154:H9 strain
2381-8); AB275116 (NT:H19 strain 0471-1); AB275117
(NT:H40 strain 3391-3); AB275118 (O13:H11 strain 4672-
6); AB275119 (O109:H9 strain 3382-9); AB275120 (NT:H19
strain 3632-1); AB275121 (O26:NM strain CB00165);
AB275122 (O26:H11 strain CB00225); AB275123
(O26:H11 strain CB01027); AB275124 (O111:H19 strain
CB03464); AB275125 (O103:H25:K1 strain EC575/02);
AB275126 (O115:H :K1 strain EC408/02); AB275127
(O26:H11:K60 strain EC417/02); AB275128 (O26:H11:K
strain EC460/02); AB275129 (O26:H-:K60 strain EC740/
01); AB275130 (O26:K60 strain EC459/01); AB275131
(O26:K60 strain EC38/99); AB275132 and AB275133 (N-
and C-terminal parts of tccP2 of O104:H12 strain 4051-6,
respectively) and AB275134 (O111:H strain 114) for
tccP2 genes. The tir sequences determined have also been
submitted to the DDBJ/GenBank/EMBL database under the
accession numbers of AB288103 (O104:H12 strain 4051-6)
and AB288104 (NT:H19 strain 0471-1).
Detection of TccP2 by Western blotting
Protein preparations from whole-cell extracts were dissolved
in protein denaturing buffer before polyacrylamide gel
electrophoresis and Western blotting. TccP was detected as
described before (Ogura et al., 2007) using the polyclonal
rabbit TccP antiserum.
Sequence comparison of Tir proteins
CLUSTAL W was used for making a multiple alignment of the
two newly identified Tir sequences with 14 known Tir
sequences, which were retrieved from the GenBank data-
base. A phylogenic tree was constructed with the neighbour-
joining algorithm with the MEGA 3.1 software (Kumar et al.,
2004). Poisson correction with the complete deletion of gaps
was used to calculate protein distances. Bootstrap analysis
with 1000 replicates was performed to evaluate the signifi-
cance of the internal branches.
Results and discussion
tccP2 is found in atypical human and animal
EPEC isolates
To study the prevalence of tccP2 among non-O26 atypical
EPEC isolated from human and farm animals, 69 human
strains, isolated from Brazil, Germany and the UK, and 14
strains isolated from farm animals, were screened for the
presence of tccP2. This revealed that 41% of the non-O26
isolates were tccP2 gene-positive. The serogroups of the
tccP2 gene-positive and tccP2 gene-negative non-O26 strains
are listed in Table 1. As O26 is the major serogroup that is
common to humans and animals, multiple isolates of this
serogroup were tested. This revealed that tccP2 was found in
82.3% of the O26 isolates (Table 2). tccP2 amplicon sizes
were equivalent for human and animal isolates and ranged
from 600 bp to 2 kb.




tccP2 PCR (product size) –
number of PRRs Tir type
Gene length
sequencing (bp)
O26:H 4 Human 1(1200)  6 Y-P
O26:H 1 Human 1(750)  3 Y-P
O26:H 3 Human 1(1050)  5 Y-P 1035
O26:H 1 Human 1(900)  4 Y-P
O26:H11 6 Human 1(1050)  5 Y-P 1035
O26:H11 1 Human 1(1200)  6 Y-P 1176
O26:H 4 Human 1(1200)  6 Y-P
O26:H11 2 Ovine 1(750)  3 Y-P 735
O26 1 Ovine 1(750)  3 Y-P 735
O26 11 Ovine/Bovine 900 (9)/(2)  4 Y-P (6), NA (3)
 (2)O26 4 Ovine/Bovine 1050 (1)/(3)  5 Y-P 1035
O26 4 Cattle 1(1200)  6 Y-P (2), NA (2)
O26:H 1 Human – ND
O26 8 Ovine/Bovine  (2)/(6) ND
tccP2 was sequenced.
NA, not amplified; ND, not done.
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Analysis of the tccP2 genes
To compare the sequence of TccP2 of ovine, bovine and
human isolates tccP2 and its 50- and 30-flanking regions were
amplified from representative strains and sequenced (Fig. 1).
An IS2 element was found at position 612 in tccP2 of EPEC
O104:H12, which yielded a 2000-bp amplicon (Table 1 and
Fig. 1). Amino acid alignment of TccP2 from the other
isolates revealed that other than differences in the number of
PRRs, which ranged from two to eight, the proteins share
high level of sequence similarity (Fig. 1), regardless of
serotype or origin.
In order to determine if TccP2 is expressed, selected strains
were tested using universal TccP antiserum (which is cross
reactive with both TccP and TccP2) in Western blotting. This
showed that TccP2 is present in bacterial cell extracts,
producing proteins of variable molecular weights that corre-
spond to differences in the number of PRRs (Fig. 2).
Prevalence studies of tccP and tccP2 in EHEC and typical
EPEC revealed strain-to-strain variation in the number of
the PRRs, which ranged from two to eight (Ogura et al.,
2007; Whale et al., 2007). Importantly, in a recent functional
analysis the authors have shown that TccP consisting of the
N-terminal translocation domain and two PRRs is both
necessary and sufficient for actin polymerization (Garmen-
dia et al., 2006). Nevertheless, there is a direct correlation
between the number of PRRs and the affinity of TccP to
N-WASP (Garmendia et al., 2006). It is currently not
known if there is a correlation between the number of TccP2
PRRs and efficiency of actin pedestal formation during
infection.
Tir-Yp is present in most of the tccP2 -positive
strains
The observation that the majority of the strains harbour
tccP2 prompted us to determine the Tir type expressed by
these tccP2-positive strains; in particular the authors were
interested if Tir contains the tyrosine residue (Y474) that
forms the Nck-binding site. To this end discriminatory, tir
type specific, primers were used. With the exception of only
few strains, which gave no product with either primer pair
(denoted as NA in Tables 1 and 2) carried tir encoding the
nontyrosine phosphorylated form of Tir (denoted as S), the
vast majority of the tccP2-positive atypical human and
animal EPEC isolates carry tir encoding the phosphorylated
Tir type (denoted as Y-P) (Tables 1 and 2). These results
suggest that while typical EHEC O157:H7 exclusively uses
the TccP-dependent actin polymerization, like typical EPEC
lineage 2 the tccP2-positive atypical EPEC strains (which
may belong to various E. coli lineages) have the ability to
utilize both Nck- and TccP2-dependent actin polymeriza-
tion mechanisms.
Identification of new Tir variants
Among the atypical EPEC isolates, which gave no amplicon
in the tir typing PCR analysis, the DNA sequences of tir
genes of two human isolates (an O104:H12 strain 4051-6
and a NT:H19 strain 0471-1) were determined. This analysis
indicated that both strains harbour new variant Tir proteins,
which exhibit o 65% sequence identity to the previously
reported Tir proteins (Fig. 3). Multiple sequence alignment
of these two sequences with 14 known sequences revealed
that the two transmembrane domains (TMDs) and the
intimin-binding domain were highly conserved. However,
the cytoplasmic N- and C-terminal regions were highly
divergent in length and sequence. In particular, the N-
terminal domain, upstream of the first TMD of O104:H12,
and the C-terminal region, downstream of the second TMD
of NT:H19, contained unique amino acid sequences, which
appear to be the result of duplication of short repeats. The





– + + +
Fig. 2. TccP2 of different sizes, which reflect variation in the number of
PRRs, is detected in whole-cell bacterial lysates of tccP2-positive (1)
human EPEC isolates using universal TccP antiserum (TccP2 was also
detected in culture supernatants, not shown). No reactivity was seen in a
tccP2-negative strain ( ).
Fig. 1. Multiple sequence alignment of TccP and TccP2 of EHEC O157:H7 (strain Sakai) and TccP2 of the atypical EPEC strains sequenced in this study. P
and P2 indicate TccP and TccP2, respectively, and strain names are shown in parentheses. Animal isolates are indicated by a single asterisk (). The amino
acid residues that are conserved in at least 50% of proteins are shaded grey (the N-terminal part involved in T3SS-dependent protein translocation) or
black (the C-terminal part including the proline-rich repeats). Proline-rich repeats and a partial repeat in the TccP proteins are indicated by arrows and a
dashed arrow, respectively. The position where frame shift occurred by a single base pair deletion in TccP2 of O157:H7 strain Sakai is indicated by X. The
IS2-insertion site in the TccP2 of O104:H12 strain 4051-6 is also indicated.
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The O104:H12 Tir protein contains the Y474-equivalent
in the context of YDQV, which does not match the con-
sensus-binding sequence (YpDEP/D/V) for the SH2 domain
of Nck, immunofluorescence staining with anti phosphotyr-
osine antibodies revealed that TirO104 is tyrosine phosphory-
lated (data not shown). The region preceding this binding
site was also very different from other Y-P-type Tir proteins.
Intriguingly, the tccP2 gene of this strain is disrupted by the
IS2-insertion. This suggests that although diverging from
the consensus, this Tir induces actin polymerization using
the Nck pathway.
The Tir protein of NT:H19 lacks the Y474 equivalent and
consistently was found not to be phosphorylated (data not

















































Fig. 3. Amino acid sequence comparison of Tir proteins of atypical EPEC O104:H12 strain 4051-6 and atypical EPEC NT:H19 strain 0471-1 with
previously published Tir sequences. The tir genes of O104:H12 and NT:H19 were sequenced in this study. Other sequences were retrieved from the
GenBank database: O157:H7 strain Sakai (BAB37984), O55:H7 strain CPG6 (AAY25391), O157:H- strain 95SF2 (AAC69314), O63 environmental
isolate (AY944737), O157:H- environmental isolate (AAX47728), O103:H2 strain RW1374 (CAI43867), O111 strain 87A (AAC69318), O26:H- strain
413/89-1 (CAC11065), O103:H2 strain B10 (AAF03080), O15:H- strain RDEC-1 (AAK26722), O55:H7 strain CPG124-WC416 (AAY25395), O157:H45
strain HK01 (BAA96815), O127:H6 strain E2348/69 (AAC38390), O119:H9:K61 strain 0181-6/86 (CAG17536) and Citrobacter rodentium strain
DBS100 (AAL06376). Amino acid residues identical in all the proteins are indicated by black, the residues shared by no less than 50 % identity within all
proteins are gray. The intimin-binding domain and two predicted transmembrane domains are indicated by dashed line and underline, respectively.
Black triangles indicate the tyrosine residues phospholylated by host cell kinase(s). Underlines with 1, 2, and 3 indicate the regions containing the
O157 EHEC Tir S434/EPEC Tir S436-equivalent, the O157 EHEC Tir Y454-equivalent that is involved in pedestal formation by the alternative Nck-
independent pathway, the EPEC Tir Y474-equivalent involved in pedestal formation by the Nck-independent pathway, respectively. The underline with
4 indicates the region corresponding to the O157 EHEC Tir 519-524 residues that may be related to the T3SS-dependent secretion efficiency.
FEMS Microbiol Lett 271 (2007) 126–135 c 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
133TccP2 among atypical EPEC







region of Tir EPEC encompassing Y474 exhibited very little
similarity to those of Tir EHEC O157 or Tir EPEC.
In contrast, the Y454-equivalent which, has been shown
to have a requirement for the alternative, NcK-independent
actin remodelling pathway (Campellone & Leong, 2005;
Allen-Vercoe et al., 2006; Campellone et al., 2006), is
conserved in both Tir O104:H12 and NT:H19 Tir variants.
The tetra-peptide sequence encompassing the Y454-
equivalent (NPYA) is perfectly conserved in all Tir proteins.
The S434-equivalent, which was shown to be involved in the
pedestal elongation in EPEC but not in O157 EHEC
(Warawa & Kenny, 2001), was also completely conserved in
all Tir proteins. Recently, Allen-Vercoe et al. (2005) reported
that the deletion of six amino acid residues (519-YARLAL-
524) in the O157 EHEC Tir protein affects the T3SS-
dependent secretion efficiency of Tir. The sequences of both
Tir NT:H19 and O104:H12 variants corresponding to this
region were rather similar to that of the EPEC-type Tir.
Conclusions
The results of this study raise intriguing questions concern-
ing EPEC infection and evolution including: Is the ability to
use both the Nck and the TccP2 actin polymerization
pathways an advantage during infection? Does expression
of the TccP pathway open new sites for colonization within
the human or animal intestine? Do strains expressing TccP
require a lower dose to establish infection and/or elicit more
severe disease? What is the origin of the tccP2 allele? Is the
fact that in typical EHEC tccP2 is a pseudo gene a reflection
of selective pressure against over activation of the TccP/
TccP2 pathway? More epidemiological and functional stu-
dies are needed to address these questions experimentally. In
addition, two new variants of Tir proteins were identified,
which exhibited several unique features compared with
previously reported Tir sequences. The functional analysis
of these Tir variants may provide important information to
better understand the functional domains of Tir protein
family.
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